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Li4Ti5012  anode  powders  were  prepared  by  post-treatment  of  the  precursor  powders  obtained  by  spray 
pyrolysis  at  various  preparation  conditions.  The  precursor  powders  had  fine  size,  narrow  size  distribution, 
dense  inner  structure  and  homogeneous  composition  when  the  flow  rate  of  the  carrier  gas  and  the  prepa¬ 
ration  temperature  were  101  min-1  and  800  °C.  The  spherical  shapes  of  the  precursor  powders  obtained 
at  the  optimum  preparation  conditions  maintained  after  post-treatment  at  a  temperature  of  800  °C.  The 
mean  sizes  of  the  Li4Ti5012  powders  were  controlled  by  changing  the  concentrations  of  the  spray  solu¬ 
tion.  The  initial  discharge  capacities  and  cycle  properties  of  the  Li4Ti5012  powders  were  strongly  affected 
by  the  preparation  temperatures  of  the  precursor  powders.  The  optimum  preparation  temperature  of 
the  precursor  powders  was  800  °C  when  the  flow  rate  of  the  carrier  gas  was  101  min-1.  The  discharge 
capacities  and  cycle  properties  of  the  Li4Ti50i2  powders  were  not  affected  by  flow  rates  of  the  carrier  gas. 
The  Li4Ti50i2  powders  had  good  cycle  properties  irrespective  of  the  concentrations  of  the  spray  solution. 
However,  the  Li4Ti50i2  powders  obtained  from  the  spray  solutions  with  high  concentration  above  0.5  M 
had  high  discharge  capacities  than  those  obtained  from  the  spray  solutions  with  low  concentration  below 
0.1  M. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  spinel  Li4Ti50i2  is  a  so-called  zero-strain  insertion  material 
as  the  anode  material  of  lithium  secondary  batteries  [  1  ].  This  mate¬ 
rial  accommodates  Li  with  a  theoretical  capacity  of  175  mAh  g-1, 
and  the  actual  discharge  capacity  is  greater  than  160  mAh g-1  [2]. 
Li4Ti50i2  usually  exhibits  better  electrochemical  reversibility  but 
the  carbonaceous  materials  have  the  advantage  to  supply  higher 
specific  capacity  values  at  lower  potential,  both  items  very  impor¬ 
tant  for  an  anode  material.  Li4Ti50i2  powders  could  be  synthesized 
by  various  conventional  ceramic  processes  [3-7].  Therefore,  this 
material  is  regarded  as  one  of  the  promising  anode  materials.  The 
characteristics  of  the  anode  materials  were  affected  by  the  prepa¬ 
ration  processes  of  powders.  Therefore,  the  various  types  of  anode 
material  were  prepared  by  various  solid  state,  liquid  solution  and 
gas-phase  reaction  methods.  The  morphological  and  electrochem¬ 
ical  properties  of  the  Li4Ti50i2  powders  prepared  by  solid  state 
reaction  and  sol-gel  methods  were  well  known  [4-7].  However, 
the  characteristics  of  the  Li4Ti50i2  powders  prepared  by  gas-phase 
reaction  method  were  not  well  investigated. 
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Spray  pyrolysis,  which  is  one  of  the  gas-phase  reaction  method, 
was  applied  to  the  preparation  of  various  types  of  cathode  and 
anode  materials  for  lithium  secondary  batteries.  In  this  study, 
spherical  shape  Li4Ti50i2  anode  powders  were  prepared  by  spray 
pyrolysis.  The  effects  of  preparation  conditions  on  the  crystal  struc¬ 
ture,  the  morphology,  and  the  electrochemical  performance  of  the 
Li4Ti50i2  anode  powders  were  investigated. 


2.  Experimental 

The  spray  pyrolysis  system  consists  of  a  droplet  generator,  a 
quartz  reactor,  and  a  powder  collector.  A  1.7-MHz  ultrasonic  spray 
generator  with  six  vibrators  was  used  to  generate  a  large  amount 
of  droplets,  which  are  carried  into  the  high-temperature  tubular 
reactor  by  a  carrier  gas.  The  droplets  and  powders  evaporated, 
decomposed,  and/or  crystallized  in  the  quartz  reactor.  The  length 
and  diameter  of  the  quartz  reactor  were  1200  and  50  mm,  respec¬ 
tively.  The  reactor  temperatures  were  changed  from  600  °C  to 
1000  °C.  The  flow  rates  of  the  air  used  as  the  carrier  gas  were 
changed  from  10  to  40 1  min-1 .  The  precursor  solution  was  prepared 
by  dissolving  lithium  nitrate  (LiNOs)  and  titanium(IV)  tetraiso- 
propoxide  (TTIP,  Ti[OCH(CH3)2]4)  in  distilled  water  using  small 
amount  of  nitric  acid.  The  overall  solution  concentration  of  Li  and  Ti 
components  were  changed  from  0.03  to  2  M.  The  as-prepared  pow- 


0378-7753 /$  -  see  front  matter  ©  2008  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2008.09.107 


1 5  k  U 


'15  k  U  X5 


(c)  P  1000 


(c)  P  1000 


Fig.  1.  SEM  images  of  the  precursor  powders  prepared  at  various  temperatures.  Fig.  2.  SEM  images  of  the  Li4Ti50i2  powders  obtained  from  the  different  preparation 

temperatures. 


ders  obtained  by  spray  pyrolysis  were  post- treated  at  a  temperature 
of  800  °C  for  12  h  in  air  atmosphere. 

The  crystal  structures  of  the  as-prepared  and  post-treated  pow¬ 
ders  were  investigated  using  X-ray  diffractometry  (XRD,  RIGAKU 
DMAX-33)  using  Cu  Ka  radiation  (X  =  1.5418  x  10-10  m).  The  mor¬ 
phological  characteristics  of  the  powders  were  investigated  using 


scanning  electron  microscopy  (SEM,  JEOLJSM-6060).  Surface  areas 
and  pore  volumes  of  the  powders  were  measured  by  Brunauer- 
Emmett-Teller  (BET)  method  using  N2  as  adsorbate  gas.  The 
charge/discharge  capacities  of  the  prepared  Li4Ti50i2  anode  mate¬ 
rials  were  measured.  The  anode  electrode  was  made  of  12  mg 
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of  LUTisO^  compounds  mixed  with  4  mg  of  a  conductive  binder 
(3.2  mg  of  teflonized  acetylene  black  and  0.8  mg  of  graphite).  The 
lithium  metal  and  polypropylene  film  were  used  as  the  counter 
electrode  and  the  separator,  respectively.  The  electrolyte  (TECHNO 
Semichem.  Co.)  was  1M  LiPF6  in  a  1:1  mixture  by  volume  of 
EC/DMC.  The  entire  cell  was  assembled  in  a  glove  box  under  an 
argon  atmosphere.  The  charge/discharge  characteristics  of  the  sam¬ 
ples  were  measured  through  cycling  in  the  0.5-2.5  V  potential  range 
at  variety  current  densities. 

3.  Results  and  discussion 

The  characteristics  of  the  LLjTisO^  powders  prepared  by  spray 
pyrolysis  were  affected  by  the  preparation  conditions  such  as 
preparation  temperature  and  residence  time  of  powders  inside 
the  hot  wall  reactor.  Fig.  1  shows  the  SEM  images  of  the  precur¬ 
sor  powders  obtained  by  spray  pyrolysis  at  various  preparation 
temperatures  with  constant  flow  rate  of  carrier  gas  as  101  min-1. 
The  concentration  of  the  spray  solution  was  0.5  M.  The  precursor 
powders  had  spherical  morphologies  irrespective  of  the  prepa¬ 
ration  temperatures.  However,  the  mean  sizes  of  the  precursor 
powders  measured  from  the  SEM  images  decreased  with  increas¬ 
ing  the  preparation  temperatures.  The  mean  sizes  of  the  precursor 


Fig.  5.  SEM  image  of  the  LUTisO^  powders  obtained  at  high  flow  rate  of  carrier  gas. 
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Fig.  3.  XRD  patterns  of  the  Li4Ti50i2  powders  obtained  from  the  different  prepara¬ 
tion  temperatures. 


Fig.  4.  SEM  image  of  the  precursor  powders  obtained  at  high  flow  rate  of  carrier  gas. 


(b)  2  M 

Fig.  6.  SEM  images  of  the  precursor  powders  obtained  from  the  spray  solutions  with 
different  concentrations. 
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Fig.  7.  SEM  images  of  the  Li4Ti50i2  powders  obtained  from  the  spray  solutions  with  different  concentrations. 


powders  prepared  at  temperatures  of  600  and  1000  °C  were  1.2 
and  0.7  p,m.  The  geometric  standard  deviations  of  the  precursor 
powders  prepared  at  temperatures  of  600  and  1000  °C  were  1.7 
and  1.5.  The  different  morphologies  of  the  precursor  powders 
prepared  at  various  preparation  temperatures  changed  the  mean 
sizes  and  size  distributions.  The  precursor  powders  prepared  at 
a  temperature  of  600  °C  had  more  hollow  structure  than  those 
prepared  at  a  temperature  of  1000  °C.  The  precursor  powders  did 
not  have  crystalline  Li4Ti50i2  phase  because  of  short  residence 
time  of  the  powders  inside  the  hot  wall  reactor.  Therefore,  the 
precursor  powders  obtained  by  spray  pyrolysis  at  various  prepa¬ 
ration  temperatures  were  post-treated  at  a  temperature  of  800  °C 
in  a  box  furnace.  Fig.  2  shows  the  SEM  images  of  the  post-treated 
Li4Ti50i2  powders.  The  spherical  shape  of  the  precursor  powders 
maintained  after  post-treatment  irrespective  of  the  preparation 
temperatures  of  the  precursor  powders.  The  Li4Ti50i2  powders 
obtained  from  the  precursor  powders  as  shown  in  Fig.  1(a)  and  (b) 
had  slight  aggregation  characteristics.  On  the  other  hand,  aggrega¬ 
tion  between  the  Li4Ti50i2  powders  as  shown  in  Fig.  2(c)  observed. 
Fig.  3  shows  the  XRD  patterns  of  the  post-treated  Li4Ti50i2  pow¬ 
ders.  The  post-treated  powders  had  the  single  phase  of  spinel 
Li4Ti50i2  phase  without  impurity  peaks  irrespective  of  the  prepa¬ 
ration  temperatures  of  the  precursor  powders.  All  the  diffraction 
peaks  can  be  indexed  based  on  a  face-centered  cubic  spinel  struc¬ 


ture  with  an  Fd3m  space  group  [8].  The  mean  crystallite  sizes  of 
the  Li4Ti50i2  powders  as  shown  in  Fig.  2(a)-(c)  measured  from 
Fig.  3  were  47, 44  and  39  nm.  The  preparation  temperature  affected 
the  morphologies  and  mean  sizes  of  the  precursor  powders  as 
shown  in  Fig.  1.  Therefore,  the  morphologies  and  mean  crys¬ 
tallite  sizes  of  the  post-treated  Li4Ti50i2  powders  were  affected 
by  the  preparation  temperatures  of  the  precursor  powders.  The 
post-treated  Li4Ti50i2  powders  had  low  pore  volumes  inside  the 
powders  irrespective  of  the  preparation  temperatures  of  the  pre¬ 
cursor  powders.  Therefore,  the  post-treated  Li4Ti50i2  powders  as 
shown  in  Fig.  2(a)-(c)  had  low  BET  surface  areas  as  1.72,  2.36  and 
1.98  m2  g-1. 

In  order  to  investigate  the  effect  of  residence  time  of  the  powders 
inside  the  hot  wall  reactor  on  the  properties  of  Li4Ti50i2  powders, 
the  precursor  powders  were  prepared  at  various  flow  rates  of  the 
carrier  gas.  Fig.  4  shows  the  SEM  image  of  the  precursor  powders 
prepared  at  high  flow  rate  of  the  carrier  gas.  The  preparation  tem¬ 
perature  of  the  precursor  powders  was  800  °C.  The  concentration  of 
the  spray  solution  was  0.5  M.  The  precursor  powders  had  spherical 
shapes  irrespective  of  the  high  flow  rate  of  the  carrier  gas.  However, 
the  hollowness  of  the  precursor  powders  increased  with  increasing 
the  flow  rate  of  the  carrier  gas.  Therefore,  the  precursor  powders 
(Fig.  1  (b))  prepared  at  a  low  flow  rate  of  the  carrier  gas  as  10 1  min-1 
had  finer  size  than  those  prepared  at  high  flow  rate  of  the  carrier  gas 
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as  30 1  min-1 .  The  high  drying  and  decomposition  rates  of  droplet  or 
powders  increased  the  hollowness  of  the  precursor  powders  when 
the  flow  rate  of  the  carrier  gas  was  too  high.  The  residence  time  of 
droplet/powder  inside  the  hot  wall  reactor  were  changed  from  2.6 
to  0.7  s  when  the  flow  rate  of  the  carrier  gas  increased  from  10  to 
301  min-1.  Fig.  5  shows  the  SEM  image  of  the  Li4TisOi2  powders 
post-treated  at  a  temperature  of  800  °C.  In  Fig.  2(b)  and  Fig.  5,  the 
Li4Ti50i2  powders  had  spherical  shape  and  non-aggregation  char¬ 
acteristics  irrespective  of  the  flow  rate  of  the  carrier  gas.  The  mean 
size  of  the  Li4Ti50i2  powders  as  shown  in  Fig.  5  was  1.8  [xm.  How¬ 
ever,  the  mean  size  of  the  Li4Ti50i2  powders  as  shown  in  Fig.  2(b) 
was  0.98  pun. 

Fig.  6  shows  the  SEM  images  of  the  precursor  powders  prepared 
from  the  spray  solutions  with  various  concentrations.  The  prepa¬ 
ration  temperature  and  the  flow  rate  of  the  carrier  gas  were  800  °C 
and  101  min-1.  The  Li4Ti50i2  powders  had  spherical  shapes  and 
non-aggregation  characteristics  irrespective  of  the  spray  solution 
concentrations.  However,  the  mean  size  of  the  precursor  pow¬ 
ders  increased  with  increasing  the  solution  concentrations  of  the 
spray  solution.  The  mean  sizes  of  the  precursor  powders  increased 
from  0.52  to  1.2  |xm  when  the  concentration  of  the  spray  solution 
was  increased  from  0.03  to  2  M.  Fig.  7  shows  the  SEM  images  of 
the  post-treated  Li4Ti50i2  powders.  The  spherical  shapes  of  the 
precursor  powders  obtained  from  the  spray  solutions  with  low  con¬ 
centrations  below  0.1  M  disappeared  after  post-treatment  because 
of  low  thermal  stability  of  the  fine-sized  powders.  However,  spher¬ 
ical  shapes  of  the  precursor  powders  obtained  from  the  spray 
solutions  with  high  concentrations  above  0.5  M  maintained  after 
post-treatment. 

The  initial  charge/discharge  capacities  and  cycle  properties  of 
the  post-treated  Li4Ti50i2  powders  prepared  at  various  conditions 
were  shown  in  Figs.  8-11.  Figs.  8  and  9  show  the  effect  of  the 
preparation  temperatures  of  the  precursor  powders  on  the  initial 
charge/discharge  capacities  and  cycle  properties  of  the  Li4Ti50i2 
powders.  As  can  be  seen  in  Fig.  8,  all  the  profiles  exhibited  extremely 
flat  operating  voltage  at  about  1.5  V  (versus  Li),  which  is  consistent 
with  the  results  of  the  previous  study  [7].  During  the  subsequent 
charge  process,  a  very  flat  charge  curve  at  around  1.6  V  (versus  Li) 
can  be  observed  and  the  discharge  and  charge  voltage  are  close.  This 
suggests  a  two-phase  reaction  based  on  the  Ti4+/Ti3+  redox  couple 
as  described  in  the  previous  study  [2].  The  initial  charge/discharge 
capacities  of  the  Li4Ti50i2  powders  were  affected  by  the  prepara¬ 
tion  temperatures  of  the  precursor  powders.  As  shown  in  Fig.  8, 
the  initial  discharge  capacities  of  the  Li4Ti50i2  powders  as  shown 
in  Fig.  2(b)  and  (c)  were  high  as  171  and  172  mAh  g-1 .  On  the  other 
hand,  the  Li4Ti50i2  powders  as  shown  in  Fig.  2(a)  had  low  discharge 
capacity  of  126  mAh g-1.  The  discharge  capacity  of  the  Li4Ti50i2 
powders  as  shown  in  Fig.  2(b)  dropped  from  171  to  168  mAh  g-1 
by  the  50th  cycle.  The  Li4Ti50i2  powders  as  shown  in  Fig.  2(a) 
had  also  good  retention  capacity  value  on  cycling.  On  the  other 
hand,  the  Li4Ti50i2  powders  as  shown  in  Fig.  2(c)  had  poor  cycle 
properties.  The  discharge  capacity  of  the  Li4Ti50i2  powders  as 
shown  in  Fig.  2(c)  dropped  from  172  to  129  mAh  g-1  by  the  50th 
cycle. 

Fig.  10  shows  the  effect  of  the  flow  rate  of  the  carrier  gas  on 
the  cycle  properties  of  the  Li4Ti50i2  powders.  The  Li4Ti50i2  pow¬ 
ders  had  similar  initial  discharge  capacities  and  cycle  properties 
irrespective  of  the  flow  rate  of  the  carrier  gas.  The  flow  rate  of  the 
carrier  gas  did  not  change  the  composition  of  the  precursor  pow¬ 
ders.  Therefore,  the  discharge  capacities  and  cycle  properties  of  the 
Li4Ti50i2  powders  were  not  affected  by  the  flow  rates  of  the  carrier 
gas.  Fig.  11  shows  the  effect  of  the  concentrations  of  the  spray  solu¬ 
tion  on  the  cycle  properties  of  the  Li4Ti50i2  powders.  The  Li4Ti50i2 
powders  obtained  from  the  spray  solutions  with  high  concentra¬ 
tions  above  0.5  M  had  good  cycle  properties.  After  70  cycles,  the 


Fig.  8.  Initial  charge/discharge  curves  of  the  Li4Ti50i2  powders  obtained  at  different 
preparation  temperatures. 


Fig.  9.  Cycle  properties  of  the  Li4Ti50i2  powders  obtained  at  different  preparation 
temperatures. 


180- 

150- 

'WD 

120- 

JZ 

< 

E 

■ — 

90- 

& 

‘3 

Si 

« 

60- 

u 

30- 

—  ■  —  10  1  min'1 
—•—20  1  min'1 
—A— 30  1  min'1 

10 


20  30 

Cycle  number 


40 


50 


Fig.  10.  Cycle  properties  of  the  Li4Ti50i2  powders  obtained  at  different  flow  rate  of 
the  carrier  gas. 
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Fig.  11.  Cycle  properties  of  the  Li4Ti50i2  powders  obtained  from  the  spray  solutions 
with  different  concentration. 


discharge  capacities  of  the  Li4Ti50i2  powders  as  shown  in  Fig.  2(b), 
Fig.  7(c)  and  (d)  were  98, 97,  and  90%  of  the  initial  discharge  capac¬ 
ities.  On  the  other  hand,  the  Li4Ti50i2  powders  obtained  from  the 
spray  solutions  with  low  concentrations  below  0.1  M  had  poor  cycle 
properties.  After  70  cycles,  the  discharge  capacities  of  the  Li4Ti50i2 


powders  as  shown  in  Fig.  7(a)  and  (b)  were  85  and  86%  of  the  initial 
discharge  capacities. 

4.  Conclusion 

Li4Ti50i2  powders  as  anode  material  for  lithium  secondary 
battery  were  prepared  by  spray  pyrolysis.  The  morphologies 
and  charge/discharge  capacities  of  the  Li4Ti50i2  anode  powders 
obtained  by  spray  pyrolysis  at  various  preparation  conditions  were 
investigated.  The  post-treated  powders  obtained  at  the  optimum 
preparation  conditions  had  spherical  shape  with  spinel  Li4Ti50i2 
phase.  The  initial  discharge  capacities  and  cycle  properties  of  the 
Li4Ti5012  powders  were  strongly  affected  by  preparation  condi¬ 
tions  of  the  precursor  powders.  The  Li4Ti50i2  anode  powders 
prepared  at  the  optimum  conditions  had  high  discharge  capacities 
larger  than  171  mAhg-1  and  good  cycle  properties. 
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